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Abstract

We examined the susceptibility of a variety of human leukemic
cell lines to the induction of apoptosis. K562, a chronic
myelogenous leukemic cell line which expresses the bcr-abl
fusion gene, was found to be extremely resistant to apoptosis,
irrespective of the inducing agent. This resistance can be
attributed to the deregulated Abl kinase activity of ber-abl, as
downregulation of its expression using antisense oligodeox-
ynucleotides targeted to the beginning of the abl sequence in
this chimeric gene rendered these cells susceptible to
cytotoxic drug-induced apoptosis. Examination of the
morphological and biochemical features of apoptosis in
K562 cells revealed the typical membrane blebbing and
chromatin condensation associated with this form of cell
death. In situ TdT-mediated end labeling of the DNA revealed
the presence of strand breaks in the treated cells and field
inversion gel electrophoresis revealed the presence of large
10-50 kb fragments. However there was an absence of
oligonucleosomal DNA fragmentation, whether or not Ber-Abl
was expressed. Thus, while inhibition of expression of Ber-Abl
renders K562 cells susceptible to apoptosis, the absence of
oligonucleosomal DNA fragmentation in these cells is
independent of the function of this molecule.
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Introduction

Apoptosis is an active form of cell death and an important
regulator of such diverse developmental processes as

embryogenesis, metamorphosis, immune development and
hematopoiesis (Kerr et al, 1972; Lockshin et al, 1991; Cohen
et al, 1992). Apoptosis is characterized morphologically by
cellular features such as membrane blebbing, chromatin
condensation and cell shrinkage (Wyllie et al, 1980; Cohen et
al, 1992). The cleavage of the DNA of an apoptotic cell into
oligonucleosomal fragments is considered to be an important
biochemical feature of this process in some but not all cell
types (see Compton, 1992; Bortner et al, 1995 for recent
reviews). More recently, large molecular weight DNA
fragments (50—300 kbp in size) have been detected in
apoptotic cells (Brown et al, 1993; Oberhammer et al, 1993;
Walker et al, 1993; Cohen et al, 1994). This type of DNA
fragmentation may precede internucleosomal DNA fragmen-
tation (Oberhammer et al, 1993; Cohen et al, 1994), though
the former can occur in the absence of the latter (Tomei et al,
1993).

While the deregulated growth characteristics of cancer
cells are most often attributed to genetic aberrations in
genes controlling cell proliferation or differentiation, over-
expression of genes that suppress apoptotic cell death can
also lead to increased cell numbers without any alteration
in cell proliferation rates. Chronic myelogenous leukemia
(CML) is a striking example of such a myeloaccumulative
disorder. A shortened chromosome 22, the Philadelphia
chromosome is observed in 90—-95% of the leukemic cells
of CML patients (Rowley, 1972). The Philadelphia
chromosome is the product of a reciprocal exchange
between the long arms of chromosomes 9 and 22. This
fusion event results in a hybrid gene in which the amino-
terminal sequence of the bcr gene on chromosome 22 is
fused to the second exon of the c-abl gene on
chromosome 22 is fused to the second exon of the c-abl
gene on chromosome 9 (Groeffen and Heisterkamp,
1987). The resulting Bcer-Abl protein product has upregu-
lated tyrosine kinase activity compared with the normal c-
Abl protein (Konopka and Witte, 1985). Expression of bcr-
abl has been demonstrated to cause lymphoid malignan-
cies in vitro (McLaughlin et al, 1987; Young and Witte,
1988) and in vitro (Hariharan et al, 1989; Heisterkamp et
al, 1990).

CML is characterized by the excessive accumulation of
relatively mature cells in the bone marrow and blood
stream. CML myeloid progenitors display normal mitotic
indices, normal responses to colony-stimulating factors and
do not proliferate faster than their normal counterparts
(Stryckmans et al, 1976; Dormer et al, 1980; Koeffler and
Golde, 1981; Strife and Clarkson, 1988). Hematopoietic cell
population size is also regulated by apoptosis, for example
hemopoetic colony stimulating factors suppress apoptosis
(Williams, 1991; Greenberg, 1992), and thus the myeloid
expansion seen in CML may be due to enhanced cell
survival rather than excessive proliferation. The elevated
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Abl tyrosine kinase activity observed in K562 cells may act
to suppress apoptosis of these cells (Bedi et al, 1994;
McGahon et al, 1994).

In the present study we examined the susceptibility of a
number of human leukemic cell lines to cytotoxic drug-
induced apoptosis. To determine if Bcr-Abl expression was
responsible for the resistance to apoptosis observed in
K562 cells, we adopted an antisense approach. Down-
regulation of Bcr-Abl expression using antisense oligodeox-
ynucleotides corresponding to the abl sequence in bcr-abl
mRNA rendered these cells susceptible to cytotoxic drug-
induced death. We then utilized this antisense strategy to
characterize the apoptotic cell death observed in these
K562 cells. While conventional agarose gel electrophoresis
failed to detect internucleosomal DNA fragmentation in
K562 cells, field inversion gel electrophoresis revealed the
presence of large molecular weight fragments. Our
observations demonstrate that bcr-abl is acting as a
negative regulator of apoptosis and large molecular weight
DNA fragmentation in K562 cells.

Results

Resistance of K562 cells to apoptosis induced by
cytotoxic drugs

Previous studies by ourselves (McGahon et al, 1994) and
others (Bedi et al, 1994) had demonstrated a role for Bcr-Abl
in the maintenance of resistance to apoptosis seen in chronic
myelogenous leukemia (CML) cells. To further characterize
this resistance, we extended our observations to a
comparative study on the susceptibility of a number of
human leukemic cell lines to the induction of apoptosis by
cytotoxic agents. Figure 1 shows a dose-response of the
cytotoxic agents on the human leukemic cell lines used.
These included HL-60, a promyelocytic human leukemia cell
line, Daudi and Raji, both B lymphoblastoid cell lines, Molt-3
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Figure 1 Dose dependent killing of human leukemic cell lines with cytotoxic
drugs. Cells (1x10%ml) were seeded in 96 well plates and incubated
overnight in varying concentrations of cytoxic agents. Cell viability was
assessed by Pl uptake as described in Materials and Methods.

and Jurkat, both T lymphoblastoid lines and K562, a cell line
derived from a CML patient. The susceptibility to cell death
following an overnight incubation with the various cytotoxic
agents was measured by propidium iodide (PI) uptake. Each
of the cell lines varied in their susceptibility to cell death
reflecting different abilities to cope with toxic insult. The CML
cell line K562 was the most resistant to cell death irrespective
of the inducing agent.
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Figure 2 (A) Agarose gel electrophoresis of DNA extracted from untreated,
and VP-16-treated cells. The human leukemic cell types indicated were
subjected to an overnight incubation in the presence of 10 uM VP-16. DNA
from 5 x 10° cells was electrophoresed through 1.5% agarose gels and stained
with 10 ng/ml ethidium bromide. (B) TUNEL staining of human leukemic cells
treated with 10 M VP-16 for an 18h period. Cells (1 x 10°) were fixed and
DNA strand breakage was analyzed by the ability of the cells to incorporate
biotin-dCTP which was detected by fluorescinated avidin. Cell fluorescence
was measured using the LYSYS 11 software on a FACScan Flow Cytometer
(Becton Dickinson).



Whether a cell dies by apoptosis or necrosis upon injury
has been shown to be dictated in part by the dosage of the
insult the cell receives (Lennon et al, 1991). In order to
determine if the cell death we observed was apoptotic in
nature, we examined the morphological features of
apoptosis in each cell type. The criteria for the identifica-
tion of such apoptotic features included such features as
membrane blebbing, chromatin condensation and formation
of apoptotic bodies (Kerr et al, 1972; Wyllie et al, 1980).
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The dose response of the human cell lines to apoptotic cell
death induced by the various cytotoxic agents was
essentially identical to the effects seen by the criterion of
Pl uptake, above (results not shown). Again, K562 cells
were consistently the most resistant to apoptosis induction
among the cell lines examined.

A second characteristic feature of apoptosis in many but
not all cells is the fragmentation of the DNA into
oligonucleosomal fragments (for recent review, see Comp-
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(A) Downregulation of Ber-Abl protein levels in AS-abl treated K562 cells. K562 cells were either left untreated (Control) or incubated in the presence of

10 uM AS-abl (AS) or 10 uM NS-abl (NS) for 48 h. Cell lysates were prepared from the treated samples at the time points indicated and Bcr-Abl protein levels were
examined by immunoblot analysis using anti-Abl (8E9) and HRP-conjugated anti-mouse IgG as described in Materials and Methods. The positions of Bcr-Abl
protein p210 and Actin p45 are marked (B) Effect of AS-abl and NS-abl treatment on susceptibility of K562 cells to apoptosis induced by cytotoxic drugs. Untreated,
AS-abl treated and NS-abl treated K562 cells (pretreated for 48 h) were incubated for 18h in the presence of various concentrations of cytotoxic drugs and
apoptosis was determined by morphological criteria as described in Materials and Methods. (C). Effect of AS-abl and NS-abl treatment on susceptibiility of human
leukemic cell lines to apoptosis induced by sublethal doses of cytotoxic drugs. Untreated, AS-abl treated and NS-abl treated cells (pretreated for 48h) were
incubated for 18 h in the presence of sublethal concentrations of cytotoxic drugs and apoptosis was assessed as described in B.
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ton, 1992). We therefore sought to determine if this
biochemical feature was observable in the cell lines
undergoing apoptosis. Agarose gel electrophoresis demon-
strated the presence of the characteristic ladder pattern of
DNA fragmentation in all the susceptible cell types except
Raji (Figure 2A), these cells did not exhibit any DNA
laddering pattern despite the morphological characteristics
of apoptosis being present. Similar results were observed
with all of the cytotoxic agents used (data not shown).
Single-stranded DNA breakage has been observed in Raji
cells upon CTL-mediated killing however (Gromkowski et
al, 1986). This observation prompted us to examine the
type of DNA damage occurring in our cell types upon the
induction of apoptosis. In order to do so, we utilized an in
situ Tdt-mediated DNA end labeling technique, TUNEL

A Untreated

'S ves

(Gorczyca et al, 1992). This technique demonstrated the
presence of strand breaks in all of the cell types
undergoing apoptosis, including Raji cells (Figure 2B).
However, K562 cells failed to show any significant DNA
cleavage as detected by this technique.

Downregulation of Ber-Abl in K562 cells renders
them susceptible to apoptotic cell death

We had previously demonstrated that antisense
oligodeoxynucleotides corresponding to the translation start
site of ber could downregulate Ber-Abl protein levels in K562
cells, and in turn render them susceptible to the induction of
apoptosis (McGahon et al, 1994). While these studies
indicated that the resistance to apoptosis observed in K562
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cells was probably due to the activated Abl kinase activity, it
remained a formal possibility that it could have been a
property of the bcr gene alone. In order to examine this
possibility, we therefore sought to determine if antisense
oligodeoxynucleotides corresponding to the abl sequence
(AS-abl) would have the same effect. As shown in Figure 3A,
Bcer-Abl protein levels were found to be decreased in K562
cells after a pre-incubation of these cells with 10 uM AS-abl
for a period of 48 h as previously reported (McGahon et al,
1994). In contrast, Ber-Abl protein levels in K562 cells treated
with 10 uM of a nonsense control (NS-abl) for the same time
period remained comparable with Bcr-Abl levels in the
untreated controls. Actin protein levels remained constant
following treatment of both cell types with either the AS or NS
oligodeoxynucleotides, confirming that the oligodeoxynucleo-
tides used were specific for the Abl mRNA.

The effect of lowering Bcr-Abl protein levels in K562
cells on susceptibility to the induction of apoptosis was then
examined. Untreated, AS-abl and NS-abl treated K562 cells
were incubated overnight in varying concentrations of
cytotoxic agents and apoptosis was assessed by examina-
tion of stained cytospun preparations of the treated cells
(Figure 3B). K562 cells treated with AS-abl oligodeoxynu-
cleotides underwent extensive cell death upon cytotoxic
drug treatment (Figure 3B and C). In contrast, NS-abl
treated or untreated cells remained resistant to apoptosis
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induced by any of these agents. AS or NS-abl treatment
alone had no effect on cell viability.

It remained possible that the restoration of susceptibility
to apoptosis seen in K562 cells was caused by a
nonspecific effect of the antisense. To test this hypoth-
esis, we pretreated all the human leukemic cell lines used
in this study with 10 M As-abl for a period of 48 h, prior to
subjecting them to an overnight treatment with suboptimal
doses of cytotoxic drugs. AS-abl treatment had no effect on
susceptibility of these cell types to suboptimal doses of
apoptosis-inducing agents (Figure 3C), indicating that the
increased susceptibility seen only in the K562 cells was
specific to effects on Bcr-Abl.

Absence of oligonucleosomal DNA fragmentation
in K562 cells

Agarose gel electrophoresis of the DNA of antisense
pretreated K562 cells subjected to cytotoxic agents revealed
an absence of oligonucleosomal DNA fragmentation (results
not shown), despite the presence of such characteristic
morphological features as membrane blebbing and chromatin
condensation (Figure 4A). Previous studies by our group had
demonstrated a lack of internucleosomal DNA fragmentation in
these cells (Fernandes and Cotter, 1993; McGahon et al,
1994). We did observe strand breaks in these cells however, as
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Figure 4 (A) Morphology of VP-16-mediated apoptosis in K562 cells viewed under light microscopy of stained cytospun preparations. Magnification 600 x .
Untreated, AS-abl treated and NS-abl treated cells (2.5 x 10%/ml) were incubated for 18 h in the presence of 10 M VP-16. Typical apoptotic features displayed by
VP-16-treated cells include membrane blebbing and chromatin condensation. (B) TUNEL labelling of untreated, AS-abl treated and NS-abl treated K562 cells
subjected to 10 uM Chx treatment for 18 h. Cells (1 x 10°%) were fixed and DNA strand breakage was analyzed as described in Figure 2B.
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Figure 5 (A) Time course of high molecular weight DNA fragmentation in Chx-treated HL-60 cells as assessed by FIGE. Agarose plugs were prepared from 10°
cells per treatment and electrophoresed under the conditions described in Materials and Methods. Sacharomyces cerevisiae chromosomes, 243-2200 kilobase
pairs (Clontech, Cambridge, United Kingdom) and Pulse Marker 0.1 to 200 kilobase pairs (Sigma Chemical Co, Poole, United Kingdom) were used as standards.
Rat thymocytes treated with 10 uM VP-16 were used as a positive control. (B) FIGE of DNA extracted from untreated, AS-abl treated and NS-abl treated K562 cells
incubated in the presence of 10uMAct-D or 10 uM Chx to induce apoptosis. The standards used are described in (A) and again, rat thymocytes treated with

10 uMVP-16 were used as a positive control.

monitored by TUNEL (Figure 4B). These observations led us to
further characterize the DNA fragmentation in K562 cells and
to determine whether it was under the regulation of Ber—Abl.

Regulation of high molecular weight DNA
fragmentation in K562 cells by Bcr-Abl

A number of recent observations have demonstrated the
absence of internucleosomal cleavage in some cell types
undergoing apoptosis (Gromkowski et al, 1986; Oberhammer
et al, 1993; Tomei et al, 1993). Field inversion gel
electrophoresis (FIGE) has identified the presence of high
molecular weight DNA fragments in some of these cell types
(Walker et al, 1991, 1993; Brown et al, 1993; Cohen et al,
1994). We employed this FIGE technique to determine
whether K562 cells were undergoing high molecular weight
DNA fragmentation, following the induction of apoptosis. HL-
60 cells were used as a positive control in our experiments
as these cells had previously been demonstrated to fragment
their DNA into large molecular weight fragments prior to
undergoing oligonucleosomal DNA fragmentation (Brown et
al, 1993). Figure 5A shows a time course of the appearance
of high molecular weight DNA fragments in HL-60 cells
treated with 10 uM Chx. FIGE of antisense treated K562
cells subjected to VP-16 and Chx treatment (10 uM)
revealed the presence of high molecular weight DNA

fragments of approx. 50 kbp in these cells (Figure 5B).
Untreated or NS-abl treated K562 cells subjected to similar
treatment did not show this pattern of DNA fragmentation.
Taken together our observations suggest that the morpho-
logical appearance of apoptosis, loss of cell viability, and
appearance of strand breaks detected by TUNEL are all
associated with high (but not low) molecular weight DNA
fragmentation in K562 cells. Furthermore, these results
demonstrate a regulation of apoptosis and high molecular
weight DNA fragmentation in K562 by Bcr-Abl.

Discussion

In the present study we examined the relative susceptibilities
of various human leukemic cell lines to the induction of
apoptosis by cytotoxic drugs. K562 cells were highly resistant
to apoptosis irrespective of the inducing agent. Using
antisense oligodeoxynucleotides targeted to the abl region
of bcr-abl, we have shown that downregulation of Bcr-Abl
protein levels in K562 cells renders these cells highly
susceptible to apoptosis induced by a variety of cytotoxic
drugs. Furthermore, the increased susceptibility to apoptosis
upon Bcr-Abl downregulation is a specific effect of the
anitsense itself, as AS-abl treatment had no effect on the
susceptibilities of a number of bcr-abl-negative cell types to
the induction of apoptosis. The present observations



represent a formal demonstration that ber-abl acts as a broad
spectrum anti-apoptotic gene in K562 cells.

Carlesso and colleagues (1994) demonstrated that
transfection of 32Dc13 cells with a temperature sensitive
kinase mutant of bcr-abl protects against cell death
induced by growth factor withdrawal at the permissive
temperature for the kinase only. Similarly, transfection of
an IL-3 dependent cell line (IC.DP) with a temperature
sensitive v-Abl mutant renders these cells resistant to
apoptosis following IL-3 withdrawal, only at the permissive
temperature for the v-Abl kinase (Evans et al, 1993).
Recent studies by ourselves* and others (Evans et al,
1993; Chapman et al, 1994) have demonstrated that the v-
Abl tyrosine kinase can suppress apoptosis in a number of
cell types. Thus, v-Abl has been shown to protect against
apoptosis in IC.DP cells (Chapman et al, 1994), the
human leukemic HL-60 cell line and the A1.1 T cell
hybridoma (Green et al, 1994; McGahon et al, submitted*).
Recently, Evans and colleagues (1995) suggested that the
ability of v-Abl to block apoptosis is dependent upon an
associated activation and nuclear translocation of protein
kinase C, although whether this is a general requirement
remains unresolved.

Antisense oligonucleotides which downregulate expres-
sion of Bcr-Abl have been shown to render K562 cells
susceptible to several forms of apoptosis (McGahon et al,
1994), and another cell line, Bv173, spontaneously under-
goes apoptosis upon treatment (Smetsers et al, 1994). It is
possible that culture conditions of the latter cells provide a
stress that induces apoptosis which is blocked by Bcr-Abl,
such that downregulation of this molecule now allows the
cells to die. Similarly, Bedi and colleagues (1994) showed
that hematopoietic progenitors from CML patients are
relatively resistant to induction of apoptosis, and that
antisense treatment can sensitize these cells. This
resistance to apoptosis of hematopoietic progenitors from
CML patients is, however, controversial (Amos et al, 1995).
More recently, Bedi and colleagues (1995) have suggested
that the anti-apoptotic effect of Bcr-Abl is related to a
delayed progression through G2/M, allowing time for DNA
repair and prevention of mitotic catastrophe. While this may
help to explain resistance to apoptosis induced by DNA-
damaging agents, it is unlikely to explain resistance to other
forms of apoptosis, such as induced by glucocorticoids
(McGahon et al, 1994) or ligation of Fas/CD95 (McGahon
et al, 1995b).

Degradation of the DNA into oligonucleosomal size
fragments (180—-200 bp in length) has served as a
biochemical hallmark of apoptosis in many cells (Wyllie
and Morris, 1982). In our present study we observed
chracteristic morphological features of apoptosis in all of
the human leukemic cell lines examined. These included

*McGahon AJ, Amarante-Mendes GP, Martin SJ, Brunner T, Yoo NJ,
Bissonette RP, Harigai M, Cotter TG, Reed JC and Green DR (1995)
The v-abl kinase induces a novel anti-apoptotic state dependent upon
an associated downregulation of Bax. Submitted.
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cell shrinkage, membrane blebbing and chromatin con-
densation (Wyllie et al, 1980), however these cell lines
varied in their ability to fragment their DNA into
oligonucleosomal size fragments. Agarose gel electrophor-
esis of the DNA of the treated cells failed to reveal a ladder
pattern in Raji cells (Figure 2A), despite the morphological
features of apoptosis being present (data not shown). A
number of observations demonstrate the occurrence in
some model systems of the morphological appearance of
apoptosis in the absence of a detectable DNA ladder
(Wyllie and Morris, 1982; Oberhammer et al, 1993; Zakeri
et al, 1993). Single-stranded DNA breakage has been
observed in some cell types including Raji cells, upon CTL-
mediated killing (Gromkowski et al, 1986). Using an in situ
DNA end labeling technique we demonstrated the presence
of DNA strand breaks in Raji cells undergoing apoptosis in
response to VP-16 treatment (Figure 2B). Our observations
demonstrate the need for the use of both morphological
and biochemical assays in the study of apoptosis.

Several research groups have detected large DNA
fragments of 50-300 kb during apoptosis (Walker et al,
1991; Brown et al, 1993; Oberhammer et al, 1993; Cohen
et al, 1994). It has also been demonstrated that large
molecular weight DNA fragmentation occurs before inter-
nucleosomal DNA cleavage and that these large DNA
fragments serve as precursors for the smaller DNA
fragments (Walker et al, 1991; Brown et al, 1993;
Oberhammer et al, 1993; Cohen et al, 1994). We failed to
see oligonucleosomal DNA fragmentation in K562 cells
upon rendering them susceptible to cytotoxic drug-induced
apoptosis (results not shown) despite the presence of the
morphological features of apoptosis (Figure 4). Using FIGE
we detected large molecular weight DNA fragments in
apoptotic K562 cells. Our observations lead us to conclude
that the induction of apoptosis and the accompanying large
molecular weight DNA fragmentation observed in K562
cells is under the regulation of bcr-abl. Furthermore since
ber-abl can suppress the large molecular weight DNA
fragmentation seen in K562 cells, our results strongly
suggest that it is acting upstream of such early DNA
degradative events.

Kinase deregulation in v-Abl and Bcr-Abl results in
oncogenic conversion (Suen et al, 1990) suggesting that
the regulation of c-Abl tyrosine kinase is critical to the
maintenance of a normal cell phenotype. These studies
would argue that the basic function of c-Abl remains
unchanged and that the generation of a hybrid bcr-abl
gene results in an exaggeration of normal Abl function. The
present study demonstrates that the resistance to apoptosis
seen in CML cell lines is due to the expression of Bcr-Abl.
Therefore it is possible that one normal cellular function of
Abl is as a negative regulator of apoptosis. Support for this
hypothesis comes from the observations that a homo-
zygous null mutation of c-Abl results in neonatal mortality
and a loss of lymphocyte longevity (Schwartzberg et al,
1991), suggesting that c-Abl may function as a negative
regulator of apoptosis in lymphocytes. Deregulation of this
function in myeloid cells results in steady state accumula-
tion of cells that would normally undergo apoptosis (Bedi et
al, 1994; McGahon et al, 1994). Further examination of the
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normal cellular function of c-Abl and how it is regulated
would provide insight into how it functions to control
apoptosis and oncogenesis upon deregulation.

Materials and Methods

Cell culture and reagents

All cell lines described were grown in RPMI 1640 supplemented with
5% FCS and 2 mM L-glutamine. Cells were grown at 37°C in a
humidified 5% CO, atmosphere and were routinely subcultured every
2-3 days. All cytotoxic drugs used in this study were purchased from
Sigma Chemical Co, St. Louis, MO. Stock solutions of both
Actinomycin-D and VP-16 were prepared in RPMI media. Cyclohex-
imide stock solutions were prepared as a 100 x stock in ethanol and
dexamethasone stock solutions were prepared in ddH;O. For the
induction of apoptosis, cells (2.5 x 10%/ml) were seeded in 96 well
plates and incubated overnight in varying concentrations of the
cytotoxic drugs.

Assessment of cell death and apoptosis

Cell death was quantitate by morphological assessment of stained
cytospun preparations and also by flow cytometry. Leukostat (Fisher
Scientific, Orangeburg, NY) stained cytocentrifuge cell preparations
were examined for the morphological characteristics of apoptosis
using previously defined criteria (Wyllie et al, 1980; McGahon et al,
1995a). Typical identifiable apoptotic features included membrane
blebbing and chromatin condensation. Apoptosis was quantitated by
scoring triplicate fields of cytospun samples.

The criteria for cell death as measured by flow cytometry was
based on two parameters: changes in light scattering properties of
dead cells due to cell shrinkage and increased granularity (Cotter et al,
1992) and their permeability to the DNA binding dye propidium iodide
(Pl) (Martin et al, 1994; McGahon et al, 1995a). Cells (2.5 x 10%/ml)
were incubated with 5 ul/ml Pl at room temperature and analyzed
directly on a Becton-Dickinson FACscan using LYSYS Il software.

Antisense treatment of cell lines

Cells (2.5 x 10%/ml) were incubated in the presence of either 10 uM
AS-abl or 10 uM NS-abl for a 48 h time period, these conditions having
been established previously as optimal for Ber-Abl protein depletion in
K562 cells (McGahon et al, 1994). Phosphorotioate derivatised
oligodeoxynucleotides (QCB, USA) corresponding to the beginning
of the abl sequence in bcr-abl were used. A random sequence of the
same base composition as that of the AS oligonucleotide was used as
a negative control. Oligonucleotide sequences used were as follows:
AS-abl: 5-TACTGGCCGCTGAAGGGC-3’; NS-abl: 5'-AGCATGTCG-
GACGTGG-3'.

Immunoblot analysis

For immunoblotting, 30 ug of total cellular lysate that had been
resolved by SDS—-PAGE was transferred onto an Immobilon filter as
described previously (Martin et al, 1995). The filter was preblocked in
TBS-Tween (Tris-buffered saline, 0.1% Tween-20) for 1 h at room
temperature. Ber-Abl protein levels were detected by probing with an
anti-Abl antibody c-Abl Ab-3 (Oncogene Science, USA) at a 1:500
dilution for 1 h at room temperature. Following a 1 h wash in TBS-
Tween, detection of the bound primary antibody was performed using
an enhanced chemiluminscent blotting detection system (Amersham,
USA). The filter was probed with a secondary antibody conjugated to

horse radish peroxidase at 1:2000 dilution for 1 h, washed for 1 h and
probed with ECL reagents before exposure to hyperfilm.

Agarose gel electrophoresis of hucleosomal DNA
fragmentation

A total of 5x10° apoptotic cells or untreated control cells were
washed, resuspended in 20 pl of lysis buffer (100 mM Tris (pH 8.0),
20 mM EDTA, 0.8% (w/v) sodium lauryl sarcosinate) plus 10 ul of
RNase A (10 mg/ml), and incubated at 37°C for 30 min. Ten ul of
Proteinase K (20 mg/ml) was then added and the cells were incubated
for 2 h at 50°C. The resulting DNA was subjected to agarose gel
electrophoresis in 1.5% agarose in TAE as described previously (Shi
et al, 1992; McGahon et al, 1995a).

Field inversion gel electrophoresis (FIGE)

FIGE was used to resolve large molecular weight fragments of DNA.
Agarose plugs containing 1 x 108 cells were prepared using standard
techniques (Cohen et al, 1992, 1994; Oberhammer et al, 1993). The
plugs were digested with Pronase (Boehringer Mannheim USA) (1 mg/
ml) for 48 h at 50°C and were subsequently stored at 4°C until
examined by FIGE as previously described (Brown et al, 1993). Under
the conditions used, DNA fragments ranging in size from 4.4 to 460
kilobase pairs were resolved. Saccharomyces cerevisiae chromo-
somes, 243-2200 kilobase pairs (Clontech, Cambridge, United
Kingdom) and Pulse Marker 0.1 to 200 kilobase pairs (Sigma
Chemical Co. Poole, United Kingdom) were used as standards.

TUNEL staining

The DNA in individual cells was labelled with exogenous terminal
deoxynucleotidyl transferase (TdT) using a modification of described
methods (Gorczyca et al, 1992; McGahon et al, 1995a). Briefly, cells
(5% 10° ml) were fixed in 2% paraformaldehyde in PBS for 15 min at
4°C. The cells were then pelleted, washed in PBS and resuspended in
300 ul of PBS, followed by 700 ul of ice cold 100% ethanol. The cells
were stored in the 70% ethanol solution at —20°C overnight before
being subjected to the Tdt. After rehydration in PBS, the cell pellets
were resuspended in 50 pl of the staining solution (0.1 mol/L sodium
cacolydate (pH 7,0), 0.1 mol/L dithiothreitol, 0.05 mg/ml bovine serum
albumin, 5 U of TdT and 0.5 nmol/L biotin dCTP), and incubated for
1 h at 37°C. After a PBS wash, the cells were resuspended in 100 gl of
staining buffer (saline-sodium citrate buffer containing 0.1% Triton-X-
100, 5% w/v) non fat dry milk and avidin-FITC, 2.5 mg/ml) and
incubated at room temperature in the dark, for a further 30 min. Cell
fluorescence was measured using the LYSYS Il software on a
FACscan Flow Cytometer (Becton Dickinson, San Jose, CA).

Acknowledgements

The authors would like to thank Drs. Thomas Brunner, Rona Mogil, Nam
Jin Yoo and Mr. Artin Mahboubi for helpful advice and discussions. This
work was supported by a grant from the American Cancer Society
(CB82). S.J. Martin is a Wellcome Trust International Travelling Fellow
(041080). G.P. Amarante-Mendes is a Brazilian Research Council
(CNPq) Fellow. This is publication #142 from the La Jolla Institute for
Allergy and Immunology.



References

Amos TAS, Lewis JL, Grand FH, Gooding RP, Goldman JM and Gordon MY (1995)
Apoptosis in chronic myeloid leukaemia: normal responses by progenitor cells to
growth factor deprivation, X-irradiation and glucocorticoids. Br. J. Haematol. 91:
387-393

BediA, Zehnbauer A, Barber J, Sharkis S and Jones RJ (1994) Inhibition of apoptosis
by BCR-ABL in chronic myeloid leukemia. Blood 83: 2038 - 2044

Bedi A, Barber JP, Bedi GC, Wafik SED, Sidransky D, Vala MS, Akhtar AJ, Hilton J
andJones RJ (1995) BCR-ABL-mediated inhibition of apoptosis with delay of G2/
Mtransition after DNA damage: A mechanism of resistnace to multiple anticancer
agents. Blood 86: 1148—-1158

Bortner CD, Oldenburg NBE and Cidlowski JA (1995) The role of DNA fragmentation
in apoptosis. Trends Cell Biol. 5: 21-26

Brown DG, Sun XM and Cohen GM (1993) Dexamethasone-induced apoptosis
involves cleavage of DNA to large fragments prior to internucleosomal
fragmentation. J. Biol. Chem. 268: 3037 - 3039

Carlesso N, Griffin JD and Druker BJ (1994) Use of a temperature sensitive mutantto
define the biological effects of the p210BCR-ABL tyrosine kinase on proliferation
of a factor-dependent murine myeloid cell line. Oncogene 1: 149-156

Chapman RS, Whetton AD and Dive C (1994) The suppression of drug-induced
apoptosis by activation of the v-Abl protein tyrosine kinase. Cancer Res. 54:
5131-5137

Cohen GM, Sun XM, Fearnhead H, MacFarlane M, Brown DG, Snowdon RT and
Dinsdale D (1994) Formation of large molecular weight fragments of DNAis akey
committed step of apoptosis in thymocytes. J. Immunol. 153: 507 -516

Cohen GM, Sun XM, Snowden RT, Dinsdale D and Skilleter DN (1992) Key
morphological features of apoptosis may occur in the absence of
internucleosomal DNA fragmentation. Biochem. J. 286: 331-334

CohenJJ, Duke RC, Fadok VA and Sellins KS (1992) Apoptosis and programmed cell
death in immunity. Ann. Rev. Immunol. 10: 267 -293

Compton MM (1992) A biochemical hallmark of apoptosis: internucleosomal
degradation of the genome. Cancer Metastasis Rev. 11: 105-119

Cotter TG, GlynnJM, Echeverri F and Green DR (1992) The induction of apoptosis by
chemotherapeutic agents occurs in all phases of the cell cycle. Anticancer Res.
12:773-780

Dormer P, Lau B and Wilmanns W (1980) Kinetics of bone marrow cell production in
human acute and chronic myeloid leukemias. Leuk. Res. 4: 231 -237

Evans CA, Owen-Lynch PJ, Whetton AD and Dive C (1993) Activation of the Abelson
tyrosine kinase activity is associated with suppression of apoptosis in
hemopoeitic cells. Cancer Res. 53: 1735-1738

Evans CA, Lord JM, Owen-Lynch PJ, Johnson G, Dive C and Whetton AD (1995)
Suppression of apoptosis by v-Abl protein tyrosine kinase is associated with
nuclear translocation and activation of protein kinase C in an interleukin-3-
dependent haemopoietic cell line. J Cell Sci. 108: 2591 -2598

Fernandes RCand Cotter TG (1993) Activation of a calcium magnesiumindependent
endonuclease in human leukemic cell apoptosis. Anticancer Res. 13: 1253 -
1258

Gorczyca W, Darzynkiewicz RJ, Gong J and Darzynkiewicz Z (1992) DNA strand
breaks occurring during apoptosis: Their early in situ detection by the terminal
deoxynucleotidyl transferase and nick translation assays, and prevention by
serine protease inhibitors. Int. J. Oncol. 1: 639-648

Green DR, Mahboubi A, Nishioka WN, Oja S, Echeverri F, Shi Y, Glynn J, Yang Y,
Ashwell J and Bissonette RP (1994) Promotion and inhibition of activation-
induced apoptosis in T-cell hybridomas by oncogenes and related signals.
Immun. Rev. 142: 321 -342

Greenberg PL (1992) Programmed cell death (apoptosis) as a mechanism for
regulating haematopoietic cell population size. Focus Growth Factors 3: 1-3

Groeffen J and Heisterkamp N (1987) The BCR/ABL hybrid gene. Chronic myeloid
leukemia, J.M. Goldman (ed.) Bailliere Tindall London 983 -999

Gromkowski ST, Brown TC, Cerutti PA and Cerottini JC (1986) DNA of human Raji
targetcells is damaged upon lymphocyte-mediated lysis. J. Immunol. 136: 752 -
756

Hariharan IK, Adams JM and Cory S (1989) A bcr-v-abl oncogene induces
lymphomas in transgenic mice. Mol. Cell. Biol. 9: 2798 -2805

Heisterkamp N, Jenster G, Hoeve J, Zovich D, Pattengale PK and Groeffen J (1990)
Acute leukemia in bcr/abltransgenic mice. Nature 344: 251 253

Bcr-Abl and apoptosis
AJ McGahon et al

Kerr JFR, Wyllie AHand Currie AR (1972) Apoptosis: a basic biological phenomenon
with wide-ranging implications in tissue kinetics. Br. J. Cancer 26: 239-257

KoefflerPHand Golde D (1981) Chronic Myelogenous Leukemia— New Concepts. N.
Engl. J. Med. 304: 1201-1209

Konopka JBand Witte ON (1985) Activation ofthe abloncogene in murine and human
leukemias. Biochem. Biophys. Acta 823: 1-17

Lennon SV, Martin SJ and Cotter TG (1991) Dose-dependent induction of apoptosis
inhumantumour cell lines by widely diverging stimuli. Cell Proliferation 24: 203 -
214

Lockshin R, Alles A, Kodaman N and Zakeri ZF (1991) Programmed cell death and
apoptosis; early DNA degradation does not appear to be prominent in either
embryonic cell death or metamorphosis of insects. FASEB J. 5: 518525

Martin SJ, Matear PM and Vyakarnam A (1994) HIV infection of CD4+T cells in vitro:
Differential induction of apoptosis in these cells. J. Immunol. 145: 1859 - 1867

Martin SJ, O’Brien GA, Nishioka WK, McGahon AJ, Mahboubi A, Saido TC and Green
DR (1995) Proteolysis of Fodrin (nonerythroid spectrin) during apoptosis. J. Biol.
Chem. 270: 64256428

McGahon A, Bissonette RP, SchmittM, Cotter K, Green DR and Cotter TG (1994) Ber-
Ablmaintains resistance of chronic myelogenous leukemia cells to apoptotic cell
death. Blood 83: 1179-1187

McGahon AJ, Martin SJ, Bissonette RP, Mahboubi A, ShiY, Mogil RJ, Nishioka W and
Green DR (1995a) The end of the (cell) line: methods for the induction of
apoptosis in vitro. Methods Cell Biol. 46: 153-185

McGahon A, Nishioka WK, Martin SJ, Mahboubi A, Cotter TG and Green DR (1995b)
Regulation of the Fas apoptotic cell deth pathway by Abl. J. Biol. Chem. 270:
22625-22631

McLaughlin J, Chianese E and Witte ON (1987) In vitro transformation of immature
hemopoeitic cells by the P210 BCR/ABL oncogene product of the Philadelphia
chromosome. Proc. Natl. Acad. Sci. USA 84: 6558 - 6562

Oberhammer F, Wilson JW, Dive C, Morris ID, Hickman JA, Wakeling AE and
SikorskaM(1993) Apoptotic deathin epithelial cells: cleavage of DNAto 300 and/
or 50 kb prior to or in the absence of internucleosomal fragmentation. EMBO J.
12: 3679-3684

Rowley JD (1972) A new consistent chromosomal abnormality in chronic
myelogenous leukaemia identified by quinacrine fluorescence and Giemsa
staining. Nature 243: 290-293

Schwartzberg PL, Stall AM, Hardin JD, Bowdish KS, Humaran T, Boast S, Harbison
ML, Robertson EL and Goff SP (1991) Mice homozygous for the ablm1 mutation
show poor viability and depletion of selected B and T cell populations. Cell 65:
1165-1175

ShiY, Glynn J, Guilbert L, Cotter T, Bissonette RP and Green DR (1992) Role for c-
mycin activation-induced apoptotic cell deathin T cell hybridomas. Science 257:
212-214

Smetsers TFCM, Skorski T, Vedelocht LTP, Wessels HMC, Pennings AHM, Dewitte
T, Calabretta Band Mensink EJBM (1994) Antisense BCR-ABL oligonucleotides
induce apoptosis in the Philadelphia chromosome-positive cell line Bv173.
Leukemia 8: 129—-140

Strife A and Clarkson B (1988) Biology of chronic myelogenous leukemia: Is
discordant maturation the primary defect? Semin. Hematol. 25: 1-19

Stryckmans P, Debusscher L and Socquet M (1976) Regulation of bone marrow
myeloblast proliferation in chronic myeloid leukemia. Cancer Res. 36: 3034 -
3038

Suen TC, Rodriquez RU, Hung MC and Klostergaard J (1990) v-Abl confers
resistance and growth advantage to TNF-alpha in NIH3T3 cells. Lymphokine
Res.9:15-26

Tomei LD, Shapiro JP and Cope FO (1993) Apoptosis in C3H/10T1/2 mouse
embryonic cells: evidence forinternucleosomal DNA modificationin the absence
of double-strand cleavage. Proc. Natl. Acad. Sci. USA 90: 853 —860

Walker PR, Kokileva L, LeBlanc J and Sikorska M (1993) Detection of the initial
stages of DNA fragmentation in apoptosis. Biotechniques 15: 1032-1035

Walker PR, Smith C, Youdale T, LeBlanc J, Whitfield JF and Sikorska M (1991)
Topoisomerase ll-reactive chemotherapeutic drugs induce apoptosis in
thymocytes. Cancer Res. 51: 1078 -1084

Williams GT (1991) Programmed cell death: apoptosis and oncogenesis. Cell 65:
1097-1098

103



Bcr-Abl and apoptosis
AJ McGahon et al

104

Wyllie AH, Kerr JFR and Currie AR (1980) Cell death: The significance of apoptosis.
Int. Rev. Cytol. 68: 251 -306

Wyllie AH and Morris RG (1982) Hormone-induced cell death: Purification and
properties of thymocytes undergoing apoptosis after glucocorticoid treatment.
Am. J. Pathol. 189: 78 -84

YoungJC and Witte ON (1988) Selective transformation of primitive lymphoid cells by
the BCR/ABL oncogene expressed in long-term lymphoid or myeloid cultures.
Mol. Cell. Biol. 8: 4079-4087

Zakeri ZF, Quaglino D, Latham T and Lockshin RA (1993) Delayed internucleosomal
DNA fragmentation in programmed cell death. FASEB J. 5: 470-478



	Downregulation of Bcr-Abl in K562 cells restores susceptibility to apoptosis: Characterization of the apoptotic death
	Abstract
	Introduction
	Results
	Discussion
	Materials and Methods
	Cell culture and reagents
	Assessment of cell death and apoptosis
	Antisense treatment of cell lines
	Immunoblot analysis
	Agarose gel electrophoresis of nucleosomal DNA
fragmentation
	Field inversion gel electrophoresis (FIGE)
	TUNEL staining

	Acknowledgements
	References


